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Introduction
Autophagy is an evolutionarily conserved process that occurs in all eukaryotic cells. During autophagy, portions of the cytoplasm and intracellular organelles are sequestered in characteristic double-membrane autophagosomes that subsequently fuse with lysosomes, resulting in degradation and recycling of the intracellular components. 1 Mechanistically, there are 3 distinct forms of autophagy to deliver cytosolic cargo to the lysosomes: macroautophagy (referred to as autophagy in this report), chaperone-mediated autophagy, and microautophagy. 2 It is now becoming increasingly clear that autophagy exhibits significant diversity in its ability to deliver mitochondria (mitophagy), endoplasmic reticulum (reticulophagy), ribosomes (ribophagy), and peroxisomes (pexophagy) to lysosomes for degradation. In general, basal autophagy plays a critical role in cellular homeostasis by degrading excessive and/or damaged organelles and proteins, thereby performing "in-house" quality control of essential cellular components. 3, 4 In addition to its basal function, autophagy can be induced by diverse stimuli such as nutrient deprivation, serum starvation, metabolic stress, radiation, and anticancer drugs. [5] [6] [7] [8] [9] Consequently, autophagic degradation provides a dynamic balance between biosynthetic and catabolic processes, thereby facilitating cell survival.
Basal autophagic activity and the upregulation of autophagy are relevant to many pathological and physiological conditions. 10 For example, autophagy plays a protective role against the progression of some human diseases such as cancer, muscular disorders, and neurodegeneration, which includes Huntington, Alzheimer, and Parkinson diseases. It also acts as a cellular defense mechanism to prevent infection by certain pathogenic bacteria and viruses. 11 However, the role of autophagy in tumorigenesis and treatment responsiveness is complicated and context-dependent. 12 Autophagy can suppress tumor growth during the early stages of tumorigenesis. 13 The allelic loss of BECN1, which encodes the protein involved in autophagy initiation, and reduced autophagy are found with high frequency in human prostate, breast, and ovarian cancers. 14, 15 As such, induction of autophagy would seem to be beneficial for inhibiting tumorigenesis. Conversely, autophagy can promote tumor growth in established tumors, and cancer cells can use enhanced autophagy to survive under metabolic and therapeutic stress. 12 For example, the pharmacological and/ or genetic inhibition of autophagy reportedly sensitizes cancer cells to the lethal effects of various cancer therapies including chemotherapy, radiotherapy, and targeted therapies, suggesting that suppression of the autophagic pathway could represent a valuable sensitizing strategy for cancer treatments. 3, 16, 17 Lastly, the presence of autophagosomes in dying cells also raises the possibility that autophagy may also play an active role in cell death. 18 While autophagy is demonstrated to be essential for cancer cells to adapt to the metabolic demands of amino acids and fatty acids during tumorigenesis, the contribution of autophagy to the supply of the DNA building blocks for DNA synthesis and repair is largely unknown.
Human ribonucleotide reductase is an evolutionarily conserved and a well-studied enzyme composed of 2 identical large subunits (RRM1) and 2 identical small subunits (RRM2). 19 Functionally, RNR catalyzes the rate-limiting step for the de novo conversion of ribonucleoside triphosphates to deoxyribonucleoside triphosphates, which are the building blocks used in the synthesis of DNA during replication and repair. Unbalanced dNTP pools can cause genetic abnormalities, tumorigenesis, and cell death.
19,20 RNR activity is regulated in a cell-cycle dependent manner to coordinate dNTP production and DNA replication. In general, RRM1 levels are constant throughout the cell cycle and always in excess of RRM2 levels, which fluctuate throughout the cell cycle and peak in the S phase. 21, 22 Furthermore, elevated RNR activity and overexpression of RRM2 have been found to increase cellular invasiveness, angiogenesis, and proliferation in human cancer cells. 23, 24 It would be of particular interest to investigate whether there is an additional signaling pathway to regulate dNTP pools.
Previous reports have indicated that nutrient starvation and glucose utilization inhibition induce autophagy. 16, 25 However, the connection between the intracellular dNTP pool and autophagy regulation is left unaddressed. As more evidence emerges to confirm the role of autophagy in recycling proteins and lipids, it also becomes critical to detect the role of autophagy in maintaining nucleic acid homeostasis. Our studies reported here fill in this gap and utilize combined biochemical, cell biological, and xenograft studies to demonstrate that regulation of the dNTP pool and autophagy are reciprocally coordinated.
Results

Autophagy decreases dNTP pools
To determine whether autophagy regulates dNTP pools, human hepatocellular carcinoma Huh-7 cells were treated with Earle's Balanced Salt Solution (EBSS) or rapamycin (10 μM) for 24 h, a known autophagy inducer. The intracellular dNTP pool concentration was then measured. As shown in Figure 1A , EBSS-treatment caused a marked decrease of intracellular dNTP levels. The relative (compared with control) whole cell dCTP, dGTP, dATP, and dTTP level in EBSS-treated cells was 14.79% (P = 0.00023), 46.73% (P = 0.00047), 28.64% (P = 0.00089), and 38.76% (P = 0.00044), respectively. In parallel, comparable results of decreased dNTP levels were obtained in rapamycin-treated cells (Fig. 1B) . The relative dCTP, dGTP, dATP, and dTTP level in rapamycin-treated cells was 20.49% (P = 0.00017), 62.31% (P = 0.00129), 63.27% (P = 0.00143), and 25.01% (P = 0.00175) respectively. We consistently observed similar effects using lower doses of rapamycin (Fig. S1) . The relative whole cell dCTP, dGTP, dATP, and dTTP level in 0.1 μM rapamycin-treated cells was 72.48% (P = 0.00814), 85.31% (P = 0.00041), 56.21% (P = 0.00141), and 62.41% (P = 0.00002) respectively, and in 1 μM rapamycin-treated cells was 68.64% (P = 0.0046), 72.84% (P = 0.000002), 77.84% (P = 0.09697), and 55.69% (P = 0.00027) respectively. To monitor the short-term effect of rapamycin (10μM) on dNTP pools, a kinetic study was performed from 0.5 to 8 h (Fig. S2) . The concentration of the dGTP pool was transiently increased to 2.7-fold (P = 8.11769E-7) at 0.5 h, likely due to stimulation of the salvage pathway, and then reduced to 36% after 8 h of treatment (P = 0.0002). The rest of the dNTP pools did not show profound changes within 8 h of treatment. Lastly, a significant decrease in RNR activity in rapamycin-or EBSS-treated cells was detected (P = 0.00086 and P = 0.00013 respectively) (Fig. 1C) . Increased MAP1LC3 lipidation coupled with decreased SQSTM1 levels, hallmarks of autophagy induction, were observed in EBSS- (Fig. 1D) or rapamycin- (Fig. 1E) treated Huh-7 cells to ascertain the effect of EBSS or rapamycin on autophagy induction. These findings demonstrated that RNR activity and the size of the dNTP pools correlate with autophagy induction.
Inhibition of RNR induces autophagy
Next, we determined whether the reduction of intracellular dNTP pools upregulates autophagy. Two sets of experiments were performed. First, we have previously shown that downregulation of RRM2 by RRM2 siRNA depletes dNTP pools.
26 RRM2B, a homolog of RRM2, was not silenced, which demonstrates the specificity of RRM2 siRNA (data not shown). As predicted, depletion of RRM2 clearly resulted in an increase in the MAP1LC3-II level and a reduction in the SQSTM1 steadystate level in human hepatocellular carcinoma Huh-7 cells (Fig. 2A) . Similar results were also observed in human oropharyngeal carcinoma KB cells, human lung cancer cell line H460, and human head and neck squamous cell carcinoma Tu212 ( Fig. 2A) . Biochemical analyses confirmed that the relative total dCTP, dGTP, dATP, and dTTP level in si-RRM2-treated Huh-7 cells was reduced to 53.24% (P = 0.00059), 70.25% (P = 0.00947), 44.29% (P = 0.00031), and 72.14% (P = 0.0052) respectively relative to si-controltreated cells (Fig. 2B) . RNR activity significantly decreased consistently after si-RRM2 treatment (P = 0.00012) (Fig. 2C) .
Second, hydroxyurea (Hu), a chemical inhibitor of RNR, was added to Huh-7 cells prior to harvesting. As shown in Figure 2D , a reduction in the SQSTM1 level and an increase in the MAP1LC3-II level were observed in Hu (0.5 mM, 24 h)-treated Huh-7 cells. Biochemical analyses confirmed that the relative total dCTP, dGTP, dATP, and dTTP level in Hu-treated cells was decreased to 61.27% (P = 0.00117), 75.83% (P = 0.0063), 89.21% (P = 0.03216), and 57.63%: (P = 0.0009) respectively (Fig. 2E) . RNR activity markedly decreased consistently in Hu-treated cells (P = 0.00084) (Fig. 2F) .
To ascertain whether the knockdown of RRM2 induces autophagy, fluorescence microscopy and transmission electron (A) Knockdown of RRM2 induced autophagy in huh-7, KB, h460, and Tu212 cells. Western blotting was performed to determine RRM2 expression, sQsTM1 degradation, and MAP1Lc3-ii accumulation in huh-7, KB, h460, and Tu212 cells by depletion of RRM2 with specific siRNAs for 48 h. AcTB was used as an internal control to ensure that equal amounts of proteins were loaded in each lane. ctrl, control. (B and C) Knockdown of RRM2 decreased dNTP pool levels and RNR activity in huh-7 cells. huh-7 cells were treated with control siRNA or RRM2 siRNA for 48 h. cells were harvested for dNTPs (B) and RR activity (C) analysis. (D) hydroxyurea treatment upregulated MAP1Lc3-ii and downregulated sQsTM1 in huh-7 cells. huh-7 cells were treated with hydroxyurea (0.5 mM, 24 h) and then whole-cell lysates were subjected to western blotting to assess the expression of MAP1Lc3 and sQsTM1. AcTB was used as an internal control to ensure equal loading in each lane. (E and F) hydroxyurea decreased dNTP pool levels and RNR activity in huh-7 cells. huh-7 cells were treated with hydroxyurea (0.5 mM, 24 h), and dNTP levels (E) and RNR activity (F) were analyzed. microscopy (TEM) studies were employed to visualize autophagosome formation in cells transfected with si-RRM2. As shown in Figure 2G , RRM2 knockdown stimulated the redistribution of GFP-LC3 fusion protein from a diffuse pattern to distinct cytoplasmic puncta, symbolizing the formation of autophagosomes in Huh-7 cells. The percentage of cells containing cytoplasmic GFP-LC3 puncta was significantly increased in si-RRM2 transfected cells compared with the control (P = 0.00574) (Fig. S3) . The accumulation of autophagosomes was visualized by TEM analyses (Fig. 2H) . The number of autophagosomes was significantly increased consistently in RRM2-silenced cells compared with the control (P = 0.00052) (Fig. S4 ). To further demonstrate that the reduction of dNTP pools elicits the complete process of autophagy, we knocked down RRM2 expression in a GFP-LC3-expressing stable cell line derived from Huh-7 cells ( Fig. 2I; Fig. S5 ). Autophagy flux was detected in si-RRM2-transfected cells as well as in EBSS-treated cells as indicated by the reduction in GFP-LC3 fluorescent intensity in the total cell population compared with the controls ( Fig. 2I; Fig. S6 ). Inhibition of autolysosomal activity by BafA1 increased the overall GFP-LC3 intensity in both control-siRNA and RRM2-siRNA treated cells (Fig. 2I ) as well as in cells incubated with or without EBSS (Fig. S6) . Altogether, these findings confirmed that the reduction of intracellular dNTP pools by knocking down RRM2 expression induced autophagy.
Increased intracellular dNTPs desensitize cells to autophagy induction
To examine whether autophagy induction is affected by intracellular dNTP pools, a pair of RRM2 overexpression KB cells, KB-M2D (overexpressing exogenous RRM2) and KB-Hur (hydroxyurea resistant cells), were employed. First, RRM2 overexpression was confirmed in KB-M2D and KB-Hur cells by western blot analysis (Fig. 3A) . As predicted, the relative dNTP levels and RNR activity were markedly increased in KB-M2D and KB-Hur cells (KB-M2D: dATP: P = 0.01489; dCTP: P = 0.00589; dGTP: P = 0.00646; dTTP: P = 0.00652; KB-Hur: dATP: P = 0.0021; dCTP: P = 0.006; dGTP: P = 0.00633; dTTP: P = 0.01002; RNR activity: KB-M2D: P = 0.00684; KB-Hur: P = 0.00967) ( Fig. 3B-D) . Next, we determined the responsiveness, i.e., MAP1LC3-II accumulation and decrease of SQSTM1, of RRM2-overexpressing cells to rapamycin treatment. While KB-M2D and KB-Hur cells exhibited a very modest increase in MAP1LC3-II levels and a slight decrease in SQSTM1 levels in comparison to KB cells prior to rapamycin treatment, overexpression of RRM2 clearly suppressed rapamycin-induced MAP1LC3 lipidation and SQSTM1 reduction ( Fig. 3E and F) . Collectively, these results suggest that a greater amount of intracellular dNTPs or overexpression of RRM2 in RRM2-overexpressing cells is likely to desensitize KB cells to rapamycin-induced autophagy. Notably, the RRM2 level was reduced in rapamycin-treated KB cells but not in KB-M2D or KB-Hur cells. To further determine whether the reduction of RRM2 by rapamycin was dependent on the cell cycle, cell cycle analyses were performed in KB cells. As shown in Figure 3G , there was no significant difference in cell cycle distribution between the control and rapamycin-treated KB cells. These results indicate that the decrease in RRM2 levels by rapamycin is not caused by the accumulation of cells in the G 1 /G 0 phase. Consistently, we observed profound RRM2 downregulation following EBSS treatment in Huh-7 cells (Fig. 3H, lane 1 vs. lane 5). S phase population was only modestly decreased following EBSS treatment (from 31% to 18%) suggesting that cell cycle arrest only contributed partially to the significant reduction of RRM2 protein level. To determine whether RRM2 was degraded during autophagy by autolysosome-or proteasome-dependent manner, we induced autophagy by EBSS treatment and cells were either treated with BafA1 or MG132 to inhibit autolysosome or proteasome activity respectively. BafA1 was unable to rescue degradation of RRM2 in the presence of EBSS (Fig. 3H, lane 2 vs. lane 1) . Strikingly, MG132 completely restored RRM2 protein level in the presence of EBSS to that in untreated control (Fig. H, lane 3 and 4 vs. lane 5). In contrast, no proteasomal-dependent degradation of RRM2 was detected in cells without induction of autophagy (Fig. 3H , lane 7 and 8 vs. lane 5). Our data suggest that RRM2 undergoes proteasomedependent degradation upon induction of autophagy.
Lastly, we investigated whether dNTP levels influence rapamycin-mediated autophagy induction. As dNTPs penetrate cell membranes poorly, we used their precursor dNMPs to pretreat cells for 30 min and then treated them with rapamycin for 24 h. Pretreatment with 0.2 μM dNMPs resulted in a marked reduction of MAP1LC3 lipidation in rapamycin-treated KB cells (Fig. 4A) . Moreover, preaddition of 0.2 μM dNMPs effectively reversed the decrease in rapamycin-induced RRM2 (Fig. 4A ) and dNTP levels (dCTP: P = 0.0145; dGTP: P = 0.00569; dATP: P = 0.00586; dTTP: P = 0.00199) (Fig. 4B) , suggesting that dNMP supplements could, at least in part, antagonize rapamycin-induced autophagy. We also assessed the effect of dNMP supplements on rapamycin-inhibited phosphorylation of Thr70, as well as Thr37 and Thr46 of EIF4EBP1, a known downstream target of MTOR. As shown in Figure 4C , downregulation of the phosphorylation of EIF4EBP1 by rapamycin was only slightly reversed by dNMP pretreatment, suggesting that dNTPs modulate downstream of MTOR. Taken together, our results suggest that an increase in intracellular dNTP pool concentrations attenuates the ability of rapamycin to induce autophagy.
The reduction in dNTP pools following rapamycin treatment depends upon an intact autophagy pathway
To determine whether autophagy has a direct role in regulating the levels of dNTPs, we knocked down BECN1/BECLIN1 by expressing shBECN1 (Fig. S7) to block initiation of the autophagy pathway. Concentrations of dNTP were measured in stable cell lines that were treated with DMSO control or rapamycin for 24 h (Fig. 5A and B) . Huh-7 cells expressing nonsilencing shRNA (shNS) displayed similar but slightly different sensitivity to rapamycin in reducing dNTP levels compared with the parental cells (Fig. 5A) . The relative dCTP, dGTP, dTTP, and dATP level in rapamycin-treated cells was 12.66% (P = 8.6E-06), 73.45% (P = 0.0032), 70.78% (P = 2.0E-06), and 105.96% (P = 0.0516) respectively (Fig. 5A) . Profoundly, treatment of rapamycin in BECN1-silenced Huh-7 cells did not trigger significant Whole-cell lysates were subjected to western blotting to assess the expression of RRM2 and MAP1Lc3. AcTB was used as an internal control to ensure equal loading in each lane.
reduced tumor progression by suppressing cell proliferation and inducing apoptosis. 27 Since Tu212 cells responded to RRM2 siRNA treatment in vivo and induction of autophagy marker was observed following silencing of RRM2 in cell culture ( Fig. 2A) , we further evaluated the role of dNTP levels in modulating autophagy in Tu212 in vivo. Tu212 cells were inoculated subcutaneously into the hind flank of NOD-SCID mice. These mice then received a single high-pressure (hydrodynamic) tail vein injection of RRM2 siRNA or scrambled siRNA 26 d after inoculation. To confirm that RRM2 protein levels were reduced in the tumor by si-RRM2 treatment, immunohistochemical staining (IHC) with an anti-RRM2 antibody was performed in pre-and post-treated samples. A significant reduction of the RRM2 signal was observed in a si-RRM2-treated group compared with a si-control-treated group (Fig. 6A) . Tumor RRM2 mRNA levels were measured by quantitative real-time polymerase chain reaction (qRT-PCR). A decrease in RRM2 mRNA levels was observed in si-RRM2-treated samples (P = 0.0009) (Fig. 6B) . In addition, the MKI67 level, as assayed by IHC, was lower in si-RRM2-treated samples than in the reduction in dCTP, dGTP, dTTP, and dATP pools (Fig. 5B) . In fact, the dCTP pool was slightly increased after rapamycin treatment (1.6-fold increase, P = 5.5E-04) (Fig. 5B) . The data suggest that autophagy pathway mediates downregulation of dNTPs following rapamycin treatment.
The decrease in dNTPs by RRM2 siRNA administration induces autophagy in vivo.
We have previously tested si-RNA-nanoparticles targeting RRM2 in treating xenografted Tu212 tumors.
27 RRM2 siRNA is successfully delivered to the tumor cells and significantly Figure 4 . exogenous supplementation of dNTPs attenuates autophagy induced by rapamycin. (A) elevated levels of dNTPs rescued the RRM2 level in response to rapamycin. KB cells were treated with rapamycin (Rap 10 μM) for 24 h, with or without dNMPs (0.02-0.2 μM) pretreatment for 30 min, and then whole-cell lysates were subjected to western blot analysis to assess the expression of MAP1Lc3 and RRM2. AcTB was used as an internal control to ensure that equal amounts of proteins were loaded in each lane. (B) incubation with dNMP increased dNTP pool levels in KB cells in the presence of rapamycin. KB cells were treated with rapamycin (10 μM) for 24 h, with or without dNMPs (0.2 μM) pretreatment for 30 min. cells were then harvested for the dNTP pool assay. Data represents means ± sD of 3 independent experiments, P represents significant differences between conditions where P < 0.05. (C) dNMP supplements partially reversed phosphorylation of eiF4eBP1 by rapamycin. KB cells were treated with rapamycin (rap 10 μM) for 24 h, with or without dNMPs (0.2 μM) pretreatment for 30 min, and wholecell lysates were subjected to western blot analysis to assess the expression of Phospho-eiF4eBP1, Thr70 (p-eiF4eBP1, Thr70), Phospho-eiF4eBP1, Thr37 and Thr46 (p-eiF4eBP1, Thr37 and Thr46), and total eiF4eBP1. AcTB was used as an internal control to ensure that equal amounts of proteins were loaded in each lane. scrambled-siRNA-treated group (Fig. 6A) , confirming the antiproliferative activity of RRM2 siRNA. 28 Since si-RRM2-treatment upregulated autophagy in cultured human cancer cells, we next determined the function of si-RRM2 in vivo. As shown in Figure 5A , tumors from si-RRM2-treated mice exhibited an increase in MAP1LC3B staining compared with the control group. Furthermore, an increase in the transcript levels of MAP1LC3B (P = 0.00043) (Fig. 6B ) ATG5 (P = 0.01444), BECN1 (P = 0.00428), ATG7 (P = 0.00961), and ATG12 (P = 0.01204), accompanied with a decrease in the SQSTM1 mRNA level (P = 0.00027), were detected in si-RRM2-treated samples by qRT-PCR analyses (Fig. 6B) . These results implicated that an increase in transcript levels encoding for members of the autophagy machinery could account for the increased autophagy activity by si-RRM2 in the xenografted tumor tissues.
Given that a decrease in RNR activity and dNTPs levels was found in si-RRM2-treated cultured cells, we then investigated the efficacy of this siRNA on RNR activity and dNTPs in vivo. As shown in Figure 6C , there was a significant decrease in RNR activity (P = 0.00622) in si-RRM2-treated xenografted tumor samples compared with the control siRNA-treated group. Correspondingly, all dNTPs decreased dramatically. The relative dCTP, dGTP, dATP, and dTTP level in RRM2 siRNA-treated tumors was 46.84% (P = 0.00037), 60.55% (P = 0.00426), 35 .29% (P = 0.00057), and 65.14% (P = 0.00621) respectively (Fig. 6D) . Altogether, we concluded that the decrease in dNTPs resulting from downregulation of RRM2 stimulates autophagy in vitro and in vivo.
Discussion
There are 2 major findings in this report. First, we demonstrated that the knockdown of RRM2 or decrease in intracellular dNTP pool levels results in autophagy induction in human cancer cells, suggesting that autophagy initiators monitor the availability of intracellular dNTPs in addition to amino acid and nutrient levels. Several experimental paradigms, the inhibition of RNR activity by pharmacological inhibitor Hu or the depletion of RRM2, were utilized to reach a similar conclusion ( Fig. 2; Fig. 5) . However, the exact mechanism(s) underlying the induction of autophagy by inhibition of the de novo synthesis of dNTPs remains to be elucidated. Posttranslational modification of autophagy machinery by several kinases stimulates initiation of autophagy. 29 One of the regulating kinases is MAPK8/JNK1. Phosphorylation of BCL2 by MAPK8/JNK1 stimulates dissociation of the BECN1-BCL2 complex and allows BECN1 to associate with the PtdIns3K complex I, thereby inducing autophagy. 30 However, no activation of MAPK/JNK activity was observed following silencing of RRM2 expression in Huh-7 cells (Fig. S8) . Our data suggests that upregulation of autophagy transcripts such as MAP1LC3B, ATG5, BECN1, and ATG12 by silencing RRM2 might be involved in the initiation and formation of the autophagosome. 31 Nevertheless, such regulation seems to be exclusively limited to the animal studies since silencing RRM2 in cultured Huh-7 cells did not alter autophagy transcripts (Fig. S9) . Additional factors within the tumor microenvironment are likely to be involved in the transcriptional regulation of autophagy genes.
The MTOR complex 1 (MTORC1) is a multiprotein signaling complex regulated by oncogenes and tumor suppressors. It integrates environmental cues to control cell growth (increase in cell mass) and cell division. 32 Outputs downstream of MTORC1 include RPS6KB1 (ribosomal protein S6 kinase, 70 kDa, polypeptide 1), EIF4EBP1 (eukaryotic translation initiation factor 4E binding protein 1), and autophagy. 33 Our second major finding showed that rapamycin treatment resulted in the downregulation of RRM2, a decrease in RNR activity, and a decrease in intracellular dNTP pool levels. Interestingly, an increase in intracellular dNTP levels by overexpression of RRM2 or supplementation of exogenous dNMPs effectively attenuated rapamycin-induced autophagy, which coincides with activation of the EIF4EBP1 pathway, suggesting a reciprocal regulation of autophagy and dNTPs, a previously unrecognized regulatory mechanism. Although cell growth and cell cycle division are often controlled by distinct regulators, these 2 biological processes need to be coordinated to ensure the maintenance of cell size after each division. Our observations reinforce the possibility that MTOR not only regulates cell growth by promoting protein translation through RPS6KB1 and EIF4EBP1, but also accelerates cell cycle progression by accumulating dNTPs via inhibition of autophagy.
It is not entirely clear how autophagy induces a decrease in dNTP levels. A recent report has suggested that autophagy targets micronuclei, which arise as a result of deficient bipolar chromosome segregation in cells exposed to cell cycle perturbations. 34 These authors show that treatment with Hu increases the frequency of micronuclei surrounded by autophagic puncta, which is consistent with our observations. Autophagy is the process by which intracellular organelles and proteins are degraded in lysosomes. 35 However, our results seem counterintuitive because dNTP pool levels actually decreased, which is contradictory to the recycling purpose. We propose that the nucleases in and acidic pH of the lysosomes would cause the breakage of nucleic acids and glycosidic bonds between the deoxyriboses and bases, thereby decreasing dNTP levels. This hypothesis is supported by our observations that silencing of BECN1 to block initiation of autophagy desensitized the cells to rapamycin-induced downregulation of dNTPs. Additionally, the decrease in dNTP pool levels could be enhanced by a decrease in RRM2 levels following induction of autophagy. Dyavaiah et al. report that a large fraction of the yeast ortholog of RRM1 (yeast Rnr1) protein is packaged into a membrane-bound structure and transported to the vacuole for autophagic degradation following treatment with the alkylating agent methyl methanesulfonate. 36 Unlike yeast Rnr1, our data suggest that human RRM2 is targeted for proteasome-dependent but autolysosomeindependent degradation upon induction of autophagy.
The biological significance of autophagy in sensing and regulating the dNTP pool is still unclear. RNR is the ratelimiting enzyme in the de novo synthesis of dNTP, which plays an important role in mammalian DNA replication and DNA repair. 19 Hence, the activity of RNR is dynamically regulated at various levels to ensure sufficient dNTP levels for biological processes. Besides allosteric regulation on the RNR enzyme, RRM2 can be upregulated transcriptionally in the S phase. 37 and targeted for ubiquitin-dependent proteasome degradation in the G 1 and G 2 /M phases, 38 when dNTPs are no longer needed. It is likely that autophagy is triggered to rapidly deplete the dNTP pool by lysosomal degradation of dNTPs and indirectly through the downregulation of RRM2 in metabolically stressed cells.
It is well characterized that rapamycin inhibits cancer cell growth at least in part by suppressing protein translation via the MTOR-EIF4EBP1 pathway. In this present study, we have demonstrated that rapamycin triggers autophagy to turnover nucleic acids in cancer cells. Both dNTP depletion and retardation of protein biosynthesis are likely to coordinate an antiproliferation effect in rapamycin treatment via suppression of the MTOR pathway. However, autophagy has been proposed to be a prosurvival mechanism in established cancer cells that are exposed to metabolic stress, since metabolites that are generated by the autophagic degradation of cellular components can be used as bioenergetic and anabolic substrates to support cancer growth. 5, 39 The opposing effects of autophagy in depleting dNTPs and promoting survival might account for the minimal efficacy of rapamycin in limiting cancer cell growth as a single therapeutic agent. 40 The combination of rapamycin with inhibitors to interfere with cancer metabolism might be beneficial to enhance clinical outcomes in cancer patients.
In summary, we have demonstrated for the first time that autophagy leads to a decrease in dNTP pool levels and conversely, high levels of dNTP pools desensitize cells to the induction of autophagy, suggesting a direct linkage between nucleotide pools and autophagy in various human cancer cells. Importantly, our findings suggest that increased RRM2 expression or dNTP pool levels in a subset of human tumors could likely modulate the clinical response to a rapamycin-based therapy.
Materials and Methods
Cell culture
Human lung cancer cell line H460 (American Type Culture Collection, HTB-177), human oropharyngeal carcinoma KB cells (American Type Culture Collection, CCL-17), human liver cancer cell line Huh-7 (Japanese Collection of Research Bioresources Cell Bank, JCRB0403) were cultured in DMEM medium containing 10% fetal bovine serum (Atlanta Biologicals, S12450H), 100 units/ml penicillin, and 100 units/ml streptomycin in a humidified cell incubator with an atmosphere of 5% CO 2 at 37 °C. RRM2-overexpressing KB-M2D cells were cultured in the same medium as KB cells with 300 μg/ml G-418. 41 KB-Hur, a hydroxyurea-resistant clone induced by hydroxyurea, was incubated and maintained in the presence of 1 mM hydroxyurea (Sigma, H8627). 41 Human head and neck squamous cell carcinoma Tu212 was cultured in RPMI 1640 medium (Corning Cellgro, 10-040-CV) containing 10% fetal bovine serum, 100 units/ml penicillin, and 100 units/ml streptomycin in a humidified cell incubator with an atmosphere of 5% CO 2 at 37 °C.
dNTP pool assay An optimized dNTP pool assay has been described in our previous study. 42 About 1 × 10 6 cell pellets were harvested and added to 100 μl of 15% trichloroacetic acid. Supernatant fractions were saved and extracted with 2 50-μl aliquots of 1,1,2-trichlorotrifluoroethane/trioctylamine (55:45; SigmaAldrich, 270369, and T81000). The assay reaction mixture (50 μl) contained 50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 5 mM DTT, 0.25 mM [
3 H]-dATP (for dCTP, dGTP, and dTTP pool detection) or [ 3 H]-dTTP (for dATP pool detection), 0.2 units sequenase (Affymetrix, 70775Y), and a diluted sample. After 20 min of incubation, 40 μl of aliquots were applied to circular Whatman DE81 ion exchange paper (GE Healthcare Life Sciences, 3658-325). After 3 washes, radioactivity was counted in a liquid scintillation counter and compared with a standard sample prepared in the presence of 0, 0.25, 0.50, 0.75 and 1.0 pmol/ml of dATP, dTTP, dGTP, and dCTP each.
RNR activity assay The RNR activity assay was performed as described. 42 Cell extracts were passed through a ZebaTM Spin Desalting column (Thermo Scientific, 87768) to remove endogenous nucleotides. The reaction mixture contained 0.15 mM [
3 H]-CDP, 50 mM HEPES (Calbiochem, 391338; pH 7.2), 6 mM DTT, 4 mM magnesium acetate, 2 mM ATP (Roche Applied Science, 12906450), 0.05 mM CDP, and a specific amount of cell lysate. Mixtures were incubated at 37 °C for 20 min. The formed dCDP and remaining CDP were dephosphorylated by phosphodiesterase. Cytidine and deoxycytidine were separated by HPLC using a C18 reversed-phase column (Phenomenex, 00F-4375-E0) connected to a Model 2b-RAM Radio FlowThrough detector (IN/US Systems/Lablogic, Sheffield, UK).
Western blot analysis Western blot analysis was conducted as previously described.
26
About 30 μg total protein was separated by electrophoresis on 10% or 15% standard SDS-polyacrylamide gels and transferred to polyvinylidene fluoride membranes (Bio-Rad, 162-0177).
After blocking with 5% nonfat dry milk in Tris-buffered saline (10 mM Tris-Cl, 150 mM NaCl) containing 0.05% Tween-20 (TJ Baker, X251-07), the membrane was incubated with the primary antibody (1:1,000 dilution) overnight at 4 °C. After 
Silencing of RRM2 by siRNA
The human RRM2 siRNA (sc-36338) and control siRNA (sc-36338) were purchased from Santa Cruz Biotechnology. A total of 2 × 10 5 cells per well were briefly cultured in 6-well plates with 2 mL antibiotic-free growth medium at 37 °C in a CO 2 incubator for 24 h. SiRNA duplex-lipofectamine was prepared by 6.0 μL of 10 μmol/L RRM2 siRNA or control siRNA and 3.0 μl lipofectamine RNAiMAX (Invitrogen, 1378-150) in 500 μl siRNA Transfection Medium (Santa Cruz Biotechnology, sc-36868) according to the manufacturer's instructions and directly added into the media. Cells were collected at time points as indicated in each experiment. The knockdown of RRM2 was measured by quantitative reverse transcription-PCR (q-RT-PCR) or western blot analysis.
GFP-LC3 fluorescence
Huh-7 cells were transiently transfected with a GFP-LC3 lentiviral construct using Lipofectamine 2000 (Invitrogen, 11668-019) according to the manufacturer's instructions. Then, cells were siRNA-treated 24 h after transfection and then returned to the incubator for various times up to an additional 48 h. Alternatively, Huh-7 cells were transduced with GFP-LC3 lentivirus and GFP-positive cells were sorted. Sorted GFP-LC3-expressing cells were transfected with control siRNA or RRM2 siRNA and incubated for 48 h. After incubation, cells were examined by fluorescence microscopy and photographed. For detection of autophagic flux, sorted GFP-LC3-expressing Huh-7 cells were transfected with control siRNA or RRM2 siRNA. Twenty-four h post-transfection, cells were treated either with DMSO as control or bafilomycin A 1 (BafA1; 10 nM) and incubated for an additional 24 h. In addition, sorted GFP-LC3-expressing Huh-7 cells were treated with DMSO (control) or BafA1 (10 nM) in the presence of Earle's Balanced Salt Solution (EBSS) or complete media. Fluorescent intensity of GFP-LC3 was measured by FACS analysis 48 h post-transfection.
Transmission electron microscopy The cell pellets were fixed with 2% glutaraldehyde (Electron Microscopy Science, 16220) in 0.1M cacodylate buffer [Na(CH 3 ) 2 AsO 2 · 3 H 2 O; (Sigma, C0250)], pH 7.2, at 4 °C overnight. The cell pellets were washed 3 times with 0.1 M cacodylate buffer, pH 7.2, fixed with 1% OsO 4 in 0.1 M cacodylate buffer for 30 min and 3 more times with 0.1 M cacodylate buffer. The samples were then dehydrated through 60%, 70%, 80%, 95%, and 100% ethanol, absolute ethanol (twice), propylene oxide (twice), and left in propylene oxide/Eponate (Electron Microscopy Science, 20401; Ted Pella Inc., 18028) (1:1) overnight at room temperature in sealed vials. The next day, the vials were left open for 2 to 3 h to evaporate the propylene oxide. The samples were infiltrated with 100% Eponate and polymerized at ~64 °C for 48 h. Ultrathin sections (~70-nm thick) were cut using a Leica Ultra cut UCT ultramicrotome (Leica Microsystems, Vienna, Austria) with a diamond knife and then picked up on 200 mesh copper EM grids (Ted Pella Inc., 1GC200). Grids were stained with 2% uranyl acetate for 10 min followed by Reynold's lead citrate staining for 1 min. Electron microscopy was done on an FEI Tecnai 12 transmission electron microscope equipped with a CCD camera (Gatan Inc., Pleasanton, CA). In vivo animal studies The animal protocol for the tumorigenicity assay in vivo was approved by the Institutional Animal Care and Use Committee of Zhejiang University. A total of 24 6-to 8-wk-old NOD-SCID female mice were subcutaneously inoculated in the right flank with 5 × 10 6 Tu212 cells resuspended in 100 μL serum-free RPMI-1640 medium. The mice were divided into 3 groups with 8 mice in each group. Tumor xenografts appeared approximately 3 to 6 d following cell injection. The mice received a single high-pressure tail vein injection. SiRNA was prepared in D5W (5% wt/vol glucose in water) such that a 10% (vol/wt) injection provided doses of 5 mg/kg for siRNA. Tumor xenograft diameters were measured with digital calipers twice a wk. Mice were sacrificed 30 d after inoculation. Tumor xenografts were dissected and the final volume and wet weight were determined. The xenografts were subsequently cut through the median, with 1 part fixed in formalin and embedded in paraffin and the other parts embedded in TissueTek (Sakura, 4583) and snap frozen in liquid nitrogen. Tumor tissues from representative mice were sectioned, embedded in paraffin, and stained with H&E (Mayer's Hematoxylin from American Master Tech, JXMMHPT and EOSIN Y from American Master Tech, STE0157) for histopathological evaluation. The rest of the tumors were harvested for RNR activity and dNTP pools.
Cell cycle analysis
Quantitative reverse transcription PCR (qRT-PCR)
Total RNA was extracted from xenograft tumor tissue or Huh-7 cells transfected with control-siRNA and RRM2-siRNA with the Qiagen RNeasy Mini Kit (74104). Residual genomic DNA was removed by incubating the RNA with DNase (Qiagen, 79254). cDNA was synthesized from 1.0 μg of total RNA using the Superscript III first-strand cDNA synthesis kit (Invitrogen, 18080-051) in a final volume of 20 μl with 0.25 μg of random hexamer and 200 units of Superscript reverse transcriptase (Invitrogen, 18080-051). The reaction mixture was first incubated at 25 °C for 5 min and then at 50 °C for 50 min. Quantitative real-time PCR was performed in the ABI Prism 7900 HT Sequence Detection System (Applied Biosystems, Warrington, UK). The 20 μl reaction mixture consisted of 1 × ABI SYBR Green PCR Master Mix (4309155), 0.25 μl of cDNA, and 0.2 μM of each primer. The following protocol was used for PCR: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The following primers were used: RRM2, 5′-ACAGAAGCCC GCTGTTTCTA-3′ (forward) and 5′-CCCAGTCTGC CTTCTTCTTG-3′ (reverse); MAP1LC3B (LC3B), 5′-AGCAGCATCC AACCAAAATC-3′ (forward) and 5′-CTGTGTCCGT TCACCAACAG-3′ (reverse); SQSTM1, 5′-CACCTGTCTG AGGGCTTCTC-3′ (forward) and 5′-CACACTCTCC CCAACGTTCT-3′ (reverse); ATG5, 5′-TGGGATTGCA AAATGACAGA-3′ (forward) and 5′-TTCCCCATCT TCAGGATCAA-3′ (reverse); BECN1, 5′-CTCAGAATTG GAGGGCTCTG-3′ (forward) and 5′-TGGGCAGATT AATTCGGAAG-3′ (reverse); ATG7, 5′-ACCCAGAAGA AGCTGAACGA-3′ (forward) and 5′-CTCATTTGCT GCTTGTTCCA-3′ (reverse); ATG12, 5′-CTTACGGATG TCTCCCCAGA-3′ (forward) and 5′-ATGAGTCCTT GGATGGTTCG-3′ (reverse); ACTB, 5′-GGACTTCGAG CAAGAGATGG-3′ (forward) and 5′-AGCACTGTGT TGGCGTACAG-3′ (reverse).
A relative gene-expression quantification method was used to calculate the fold change of mRNA expression according to the comparative Ct method using ACTB for normalization. Final results were determined as follows: 2 -(ΔCt sample-ΔCt control) , where ΔCt values of the control and sample were determined by subtracting the Ct value of the target gene from the value of the housekeeping gene: ACTB. Data was represented as a ratio of the treated sample value to the control sample value.
Immunohistochemical analysis
Immunohistochemical staining was performed on 5-μm thick sections prepared from formalin-fixed, paraffin-embedded tissues. Tissue sections were deparaffinized in xylene followed by 100% ethanol. Samples were then quenched in 3% hydrogen peroxide (Macron Fine Chemicals, 5240-02) and pretreated with the steam of DIVA solution (Biocare Medical, DV2004MX) to promote antigen retrieval. After antigen retrieval, slides were incubated in Protein Block (Dako, X0909) for 5 min. Slides were then incubated with primary antibody recognizing RRM2 [1:5 dilution 1 one h at room temperature (RT)], MAP1LC3B (1:100 dilution for 30 min at RT), or MKI67/Ki67 (1:50 dilution for 30 min at RT), washed in Dako buffer (Dako Corporation, K8000), and incubated with DAKO Envision + System-HRP (Dako Corporation, K4001/K4003) with mouse or rabbit polymer antibody for 30 min. After washing with Dako buffer, slides were incubated with the chromogen diaminobenzidine tetrahydrochloride (Dako, K8002), counterstained with hematoxylin, and mounted.
Statistical analysis
The Student t test was used to evaluate the statistical differences between the experimental values of 2 samples being compared. P < 0.05 is considered statistically significant.
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